A study was performed to validate a first-principles model for whisker and hillock formation based on the cyclic dynamic recrystallization (DRX) mechanism in conjunction with long-range diffusion. The test specimens were evaporated Sn films on Si having thicknesses of 0.25 lm, 0.50 lm, 1.0 lm, 2.0 lm, and 4.9 lm. Air annealing was performed at 35°C, 60°C, 100°C, 120°C, or 150°C over a time duration of 9 days. The stresses, anelastic strains, and strain rates in the Sn films were predicted by a computational model based upon the constitutive properties of 95.5Sn-3.9Ag-0.6Cu (wt.%) as a surrogate for pure Sn. The cyclic DRX mechanism and, in particular, whether long whiskers or hillocks were formed, was validated by comparing the empirical data against the three hierarchal requirements: (1) DRX to occur at all: e c = A D o m Z n , (2) DRX to be cyclic: D o < 2D r , and (3) Grain boundary pinning (thin films): h versus d. Continuous DRX took place in the 2.0-lm and 4.9-lm films that resulted in short stubby whiskers. Depleted zones, which resulted solely from a tensile stress-driven diffusion mechanism, confirmed the pervasiveness of long-range diffusion so that it did not control whisker or hillock formation other than a small loss of activity by reduced thermal activation at lower temperatures. A first-principles DRX model paves the way to develop like mitigation strategies against long whisker growth.
INTRODUCTION Dynamic Recrystallization in Whisker and Hillock Formation
Dynamic recrystallization (DRX), in conjunction with long-range diffusion, were proposed as the mechanisms for long whisker growth from the surfaces of metals and alloys. 1, 2 The DRX mechanism controls actual whisker development while longrange diffusion provides the mass transport required to support formation of the structures. Benchmark publications were cited in Refs. 1 and 2 that reviewed both whisker formation and the DRX phenomenon.
Numerous studies have continued to investigate the whisker phenomenon, including modeling approaches. A few of the latter are cited here. Frolov et al. explored the growth of whiskers and hillocks as a response to stress driven diffusion. 3 They used molecular dynamics (MD) simulations to predict their formation based upon the combination of grain boundary motion and shear deformation. Buchovecky et al. used finite element methods to describe whisker growth by coupling plastic flow and grain boundary diffusion in response to intermetallic compound layer development. 4 An elaborate model was developed by Sarobol et al. that described whisker and hillock growth rates and morphologies, based upon Coble creep, grain boundary sliding, and shear-induced grain boundary migration. 5 The role of recrystallization has been recently considered by several authors. A review by Chason et al. noted a potential role by DRX; however, the requirement that any recrystallization should appear as new grains did not corroborate with the authors' observations. 6 Sarobol et al. found evidence of recrystallization at pre-existing grain boundaries in Sn-Ag-Cu alloy coatings when exposed to thermal cycling. 7 New grains grew into neighboring grains having a very high degree of deformation, confirming that recrystallization can occur in the thin layers of Sn-based materials.
Hillocks have also been observed in whisker samples. Boettinger et al. proposed that whisker growth and hillock formation result from the same process, which by their hypothesis, is creep deformation. 8 The distinguishing factor is grain boundary pinning. When the grain boundaries are pinned, creep deformation occurs primarily perpendicular to the surface, resulting in whiskers. On the other hand, when grain boundaries are not pinned, more in-plane growth occurs, which is responsible for hillock development.
Experimental studies have sought to identify a mechanism. Real-time scanning electron microscopy (SEM) and backscattering diffraction were used by Pei et al. to correlate whisker growth with grain properties in Sn-Cu samples. 9 They observed that hillocks formed from as-deposited grains having the (001) preferred planes. Detailed studies by Michael et al. as well as by Susan et al. examined the crystallography of Sn whiskers and those of the grains around them. 10, 11 These studies, which examined tens of whiskers that grew from electroplated Sn on Cu, did not find a direct correlation between surrounding grain structure and the number, length, or preferred growth direction of the whiskers.
Qualitative Description of DRX
The present authors concur with Boettinger et al. that whiskers and hillocks are manifestations of a single mechanism, and that the distinguishing factor is the presence or absence, respectively, of grain boundary pinning. However, the present authors propose that the underlying mechanism is DRX rather than explicitly creep deformation. The strain energy generated by anelastic deformation, which is a combination of time-independent deformation (plasticity) and time-dependent deformation (creep), provides the driving force for DRX. The DRX process, when applied to whisker and hillock growth, initiates the growth of new grains in the microstructure.
A detailed account of the DRX mechanism, as it pertains to whisker growth, was presented in Ref. 1 Briefly, there are two cases of DRX: continuous DRX and cyclic DRX. Continuous DRX is characterized by a single grain initiation and growth cycle due to a reduced amount of strain energy. When the quantity of strain energy is high, there can be multiple cycles of new grain formation and growth, which defines cyclic DRX. Long whiskers and hillocks require cyclic DRX and its more extensive grain growth.
Mechanistically, one sequence of whisker growth by DRX is illustrated in Fig. 1 : (1) strain energy is built up in the grains by anelastic deformation; (2) the DRX mechanism initiates at the right-hand grain boundary; (3) the DRX grain boundary grows; and (4) grain boundary pinning causes further DRX to create a whisker. The whisker grows from the surface as material is brought across the boundaries to reduce the strain energy. In this case, the whisker tip has a similar shape as the pre-existing grain although it is formed by new grain growth underneath it. The scanning electron microscope (SEM) image in Fig. 2 shows a focused ion beam (FIB) cross-section through a long Sn whisker that has a structure attributable to the scenario described in Fig. 1 . Figures 1 and 2 reflect only two Validation of the Dynamic Recrystallization (DRX) Mechanism for Whisker and Hillock Growth on Sn Thin Films dimensions. Grains are three-dimensional structures so that there are other combinations of initiation points; growth direction; and pinning points that can lead to different variants of whisker appearance.
Hillock formation is described schematically in Fig. 3 . Anelastic deformation provides the strain energy for DRX. Growth of a whisker begins in Fig. 3a by momentary pinning of the boundary. Pinning is lost, which allows for in-plane growth of the DRX grain as shown in Fig. 3b . The steps are created by the intermittent pinning of the grain boundary. However, those steps become smaller as strain energy decreases until growth ceases as shown in Fig. 3c . As was observed with long whiskers, different levels of strain energy, coupled with variations in grain boundary pinning activity, lead to different hillock morphologies.
A hillock is shown in the inset picture at the top of Fig. 4 . This hillock grew on a 0.25-lm-thick Sn film (100°C; 9 days; 500 g compression). Two FIB crosssections were made through the hillock at locations ''A'' and ''B''. The corresponding SEM images are shown at the bottom of Fig. 4 . The white arrows identify the original film thickness. The cross-sections indicate a single grain, which concurs with observations made in Refs. 10 and 11.
Whisker and hillock growth do not originate from the abnormal grain growth of pre-existing grains, a phenomenon that is frequently observed in thin films, for the following reasons. 12 First and foremost, whiskers and hillocks develop a large dimensional component out of the plane of the thin film, which is typically not observed in abnormal grain growth. Secondly, their size scales exceed the nominal grain size attributable to abnormal grain growth in thin films. Lastly, whiskers and hillocks do not grow at the expense of neighboring grains in the in-plane dimensions.
Although long-range diffusion is required to provide the material needed to grow whiskers and hillocks, it does not appear to be the controlling mechanism in whisker and hillock growth. In fact, Sn films are always capable of supporting the mass transport required for these phenomena. Evidence to this effect comes from the many prior studies that have failed to identify microstructural features that would hinder long-range diffusion. A similar conclusion was drawn from the microanalyses described in this report. Secondly, the quantitative measurements made in earlier work do not exhibit explicit trends, which indicate impediments to Fig. 1 (0.5 lm; 120°C; 9 days; 500 g, compression). The white dashed lines indicate the grain boundaries. Fig. 3 . Schematic diagrams show inghillock formation by DRX: (a) DRX process initiates at the grain boundary and momentary pinning creates a small whisker; (b) pinning ceases, allowing lateral growth of the DRX grain until the latter is pinned, again; and (c) the hillock is complete when the ''pinned-unpinned'' process slows with the loss of strain energy.
long-range diffusion in the films that would affect whisker or hillock development. It cannot be ruled out that, as a thermally activated mechanism, lower temperatures can slow diffusion that results in a decreased rate of whisker and hillock growth.
In summary, the following qualitative premises have been established from the above discussions:
Whiskers and hillocks grow by the combination of two mechanisms: (1) DRX and (2) long-range diffusion. Anelastic deformation provides the strain energy as the driving force for DRX. Grain boundary pinning determines whether whiskers or hillocks form. Variations in DRX initiation sites and new grain growth behaviors cause different whisker and hillock morphologies. Whiskers and hillocks are not manifestations of abnormal grain growth. Long-range diffusion does not appear to be the controlling mechanism.
Quantitative Description of DRX
A brief description is given of the quantitative analysis used to predict DRX. The literature citations in Refs. 1 and 2 provide ample background information.
These five variables control DRX: The interdependence of three of the variables, r, de/dt, and T, allows them to be combined into a single term referred to as the Zener-Hollomon parameter, Z:
where de/dt includes r, implicitly; DH is the apparent activation energy; R is the universal gas constant; and T is temperature. The description of DRX is reduced to these variables: 
In Eq. 2, A, m, and n are material constants. Both m and n are greater than zero. Therefore, minimizing e c is achieved by minimizing both D o and Z. According to Eq. 1, the Z parameter is minimized by a slower strain rate, de/dt, a smaller value of DH, and by increasing the temperature, T. Small strain rates and elevated temperatures are typical of creep (relaxation) processes.
The formation of long whiskers and hillocks require that the DRX be cyclic. Recall that cyclic DRX is the prolonged variant that is needed to create whisker and hillock structures, which are very large in comparison to the initial grain size. Cyclic DRX favors a minimum initial grain size, D o . A quantitative metric was described by Sakai and Jonas as follows 15 :
The The two DH regimes also affect DRX in the following manner (refer to Fig. 5 ). The strain energy that drives DRX comes from anelastic deformation. In strain (or stress) relaxation, the strain rate deceases with time. It is assumed that strains acquired under the '' <10 À7 s À1 regime'' are independent of those obtained under the preceding '' >10 À7 s À1 regime'' similar to Miner's rule used to describe fatigue life under sequential environments. The strain that occurs at rates >10 À7 s À1 may not yield DRX because e max < e c . Therefore, DRX (whiskers and hillocks) would have to ''wait for'' the anelastic strain accrued at the low strain rates (<10 À7 s À1 ), where e max > e c . This scenario would explain the incubation period as the time required for the material to pass through the high strain rate regime to the low strain rate regime in order to initiate DRX.
In summary, there are quantitative expressions in place with which to develop a predictive capability for DRX. Equation 2 determines the likelihood for initiation of DRX. Equation 3 , and more specifically the difference between D o and 2D r , provide the metric as to the likelihood that DRX will be cyclic, which is required to develop long whiskers and hillock. These expressions and associated concepts will be elaborated upon later to validate the DRX mechanism.
Depleted Zones
There has been limited discussion of depleted zones in terms of a potential association with whiskers. 17 Depleted zones are similar to stress voiding on which there have been numerous articles; see Refs. 18 and 19 for excellent review information. Although the driving force (tensile stress) and mechanistic details differ from those of whiskers and hillocks, depleted zones provide insight into the general stress state and long-range diffusion that are valuable to the validation effort. Figure 6 shows SEM photographs of depleted zones that range in size from one or two grains (Fig. 6a ) to several tens of grains (Fig. 6b) . The light gray area in Fig. 6b is Sn oxide that remained on the substrate.
The structures of depleted zones were documented with FIB cross-sections. The SEM images in Fig. 7 are of a FIB cross-section made through the depleted zones in Fig. 6a . The zones were covered with an oxide layer that suspended the Pt layers deposited by the FIB-process. The left-hand depleted zone experienced oxidation of both the sidewalls and Sn remaining on the substrate, which halted further Sn diffusion. The right-hand depleted zone exhibited a complete loss of Sn down to the 20-nm Cr layer because of only limited oxidation of the sidewalls.
Objective and Approach
The objective of the present study was to validate DRX as the root-mechanism controlling the formation of whiskers and hillocks. Three phenomena were documented: long whiskers, hillocks, and depleted zones observed on evaporated Sn films. The variables were layer thickness, temperature, and mechanical loading. The data were also monitored to assess the role, if any, of the long-range diffusion mechanism.
The test sample selected for this study was evaporated Sn on a Si wafer. This specimen eliminated extraneous factors such as intermetallic compound layer growth and internal stresses in electroplated coatings. These often uncontrolled contributions have complicated the determination of a root mechanism for whisker growth.
Lastly, the concept of equivalent plastic strain (EQPS) is introduced into the analysis. The EQPS represents the macrostrain being placed on the Sn film. The EQPS is predicted by a constitutive (computational) model because the latter provides the only means to quantify strains and strain rates in the films to a degree that would allow for the validation of the DRX mechanism. In the context of DRX, the local strain (energy) determines the initiation and growth of a single whisker or hillock. The local strains are distributed across the various DRX initiation sites according to a probability function, which establishes the likelihood for whiskers or hillocks to form at each of the sites. It is assumed that the EQPS is superimposed on the local strains, thereby shifting the probability distribution to allow more sites to cross the critical strain threshold, resulting in more whiskers or hillocks. This approach provided the basis to correlate the experimental data with the model EQPS predictions in order to validate the DRX mechanism.
EXPERIMENTAL PROCEDURES Thin Films on Si Wafers
The test samples used Si wafers measuring 25.4 mm in diameter and 0.275 mm in thickness as the substrates. Layer deposition was by thermal evaporation. The polished wafer surface was first coated with a 20-nm-thick chromium (Cr) adhesion layer. Chromium has negligible mutual solubility and intermetallic compound formation (IMC) formation with Sn. The Sn film was evaporated onto the Cr layer without a break in the ultra-high The test conditions used annealing temperatures of 35°C, 60°C, 100°C, 120°C, and 150°C. The heating rate was 15°C/min. All annealing treatments were performed in laboratory air. A single time period was used-9 days-because previous research indicated that whisker and hillock growth was largely completed in these samples within 7 days. 20, 21 Each Si sample was subjected to one of three loading conditions by placing a 500-g load at the center of the peripherally-supported wafer. When the Sn film was on the same side as the load, it was in compression. The Sn film was put into tension when it was located on the side opposite to the load. The third condition was no-load. The 500 g was applied at 25°C, then the assembly was placed in the oven and brought up to the assigned temperature.
Assuming that the Sn film fully relaxed after 9 days under test, the subsequent decrease of temperature as well as removal of the 500-g load would be expected to reverse the stress in the Sn coating. However, unloading effects were expected to be minimal. First, the temperature drop was very fast (a few minutes) to 25°C. Secondly, unloading occurred at 25°C. Test data indicated that additional long whiskers and hillocks did not form at temperatures less than 35°C in these samples, even though the constitutive model predicted stress relaxation to readily occur. (Reduced thermal activation of long-range diffusion will be concluded to be the likely culprit.)
Computational Model
Computational modeling was used to predict the anelastic strain, or EQPS, and strain rates in the Sn films. The solid model is shown at the top of Fig. 8 (zero load). The finite element model was constructed with 8 elements in the through-thickness (z) direction of the Si wafer. The Sn film had 4 elements in the same direction. The model was reduced to a one-quarter ''slice'' by virtue of the circular symmetry. The vertical deflection of the wafer due to the 500-g load is illustrated at the bottom of Fig. 8 . A maximum displacement of 0.14 mm was predicted at the wafer center, which was validated by experimental measurement. The contours indicate that displacement decreased with distance from the wafer center as would also the EQPS in the Sn film.
There are several important observations regarding this test configuration. First, the elastic deformation of the Si wafer controlled the strain in the Sn film because the wafer is nearly 55 times thicker than the Sn layer. As a result, the Sn films experienced the same anelastic strain under a given load, regardless of thicknesses value. Secondly, there is a negligible strain gradient within any of the Sn thicknesses. These attributes assisted with the data interpretation.
The second strain contribution is the mismatch of coefficients of thermal expansion (CTE) between Si (2.6 ppm/°C) and Sn (22 ppm/°C). The stresses in the Sn films were assumed to be very low at 25°C. This assumption was based on these factors: (1) minimal temperature rise during deposition; (2) slow Sn deposition rate; and (3) stress relaxation at this high homologous temperature (T h % 0.6). The assumption was confirmed by the absence of whisker or hillock growth after long durations at 25°C. As the test temperature increased, the Sn film experienced increasing compressive strains. The CTE mismatch strains are not a function of radial position on the wafer. There remains a negligible strain gradient through the Sn layer.
Unfortunately, there is an absence of consistent materials properties for pure Sn. A thorough set of properties is required to build a unified creep plasticity (UCP) constitutive model that would predict anelastic strain (EQPS) with a fidelity that is adequate for this study. Therefore, a surrogate UCP equation was used that was developed for the bulk 95.5Sn-3.9Ag-0.6Cu (wt.%; abbreviated Sn-Ag-Cu) solder. 22 The assumption that the Sn-Ag-Cu alloy behaved sufficiently similar to bulk, pure Sn material was confirmed by using the available properties to construct a first-order UCP equation for 100sn. A comparison was made of anelastic strain and strain rate predictions between the Sn-Ag-Cu alloy and pure Sn; the differences were not sufficient to affect the findings of this study.
The second assumption was that the continuum behavior represented by the Sn-Ag-Cu UCP equation is applicable to the thin film, single grain thickness of the Sn layers. Certainly, whiskers and hillocks develop from individual grains in response to the local anelastic strain. However, neither in situ measurement techniques or models, phemenological or computational, were accessible to this study for predicting anelastic strain at the grain (mesoscale) level. Nevertheless, the determination was made that a continuum approach would provide an acceptable approximation. First, the Sn thin films represented a ''pseudo-continuum'' by virtue of the multiple grains across the surface area (x, y dimensions). Secondly, the applied strain (EQPS) would be superimposed upon the probability distribution of the local strains of each, individual grain, thereby shifting that distribution so as to initiate DRX at more sites. This methodology allows for a correlation to be made between EQPS and DRX, the latter being signified by the appearance of whiskers and hillocks.
The computational model calculated the anelastic strains in the radial, hoop, and thickness directions. It was not necessary to analyze the strain (matrix) to this level of granularity because it is the strain (energy) that controls DRX. Therefore, the appropriate model output was the von Mises strain-which is the EQPS.
Long Whiskers, Hillocks, and Depleted Zone Measurements
Two size scales of long whiskers are shown in Fig. 9a and b. The whiskers grew from 1.0-lm and 0.5-lm Sn films, respectively. Whiskers were designated ''long'' because their aspect ratio, length/width, exceeded 5. A different phenomenon was ''short, stubby'' whiskers. The SEM photograph shows two of them in Fig. 9c ; they developed on a 2.0-lm film. Short, stubby whiskers result from a limited driving force that allowed for only continuous DRX.
A hillock was shown in Fig. 4 . The artifact in Fig. 10 is also a hillock because its length-to-width aspect ratio is considerably less than five due to lateral growth that encompassed multiple grains.
The third phenomenon is the depleted zone. Size extremes were illustrated in Fig. 6 .
The presence of whiskers, hillocks, and depleted zones was documented according to the map shown in Fig. 11 . Initially, SEM photographs were taken at the five locations 2.0, 4.0, 6.0, 8.0, and 10 mm from the center point, and in the two perpendicular directions designated ''E'' and ''N''. However, it was quickly observed that these phenomena occurred uniformly across the wafer (for reasons given below). Therefore, the assessment was abbreviated to include only the 2.0, 4.0, and 8.0 mm positions in the ''E'' direction. The SEM images were taken using magnifications of 9100, 9200 and 9500.
A table was compiled for each of the three phenomena: long whiskers, hillocks, and depleted zones. Each of the three phenomena was considered to be either ''present'' (green) or ''not-present'' (red) as a function of temperature, film thickness, and applied load. Within each ''cell,'' a letter indicated the load condition: (a) compressive, ''C''; (b) tensile, ''T''; and (c) no-load, ''N''. 
RESULTS AND DISCUSSION

Computational Modeling Predictions
The anelastic strain, or EQPS, was computed in the Sn layer using the Sn-Ag-Cu constitutive model. Figure 12 is a plot of the EQPS in the top (surface) elements as a function of radial distance from the wafer center after 9 days at 25°C and 500 g. The results were obtained for the film thickness limits of 0.25 lm (black symbols) and 5.0 lm (red symbols).
The EQPS values were in the range of 10 À4 -10 À3 . Compression is represented by closed symbols and (c) SEM image shows two short, stubby whiskers on a 2.0-lm film. The films responsible for all three images were exposed to 100°C (9 days) and 500 g compression. tension by open symbols. The EQPS values were similar between the limiting thicknesses for the same load direction. However, the compression and tension load configurations did not produce symmetric EQPS levels in the film. The anelastic strain differed by 22% at the wafer center for both film thicknesses. The differences between compression and tension diminished with radial distance, being negligible at 8.0 mm. , which were nearly an order-of-magnitude greater than those generated by the applied load, alone, across the test temperatures. The percentage contribution made by the 500-g load diminishes with increasing test temperature. The 500-g load provides insight into the level of sensitivity of the DRX mechanism to the strain conditions.*
Thin Film Microstructures
The microstructures were documented for each Sn film thickness, beginning with the 0.25-lm coating. See Fig. 14 . The film is comprised of a noncontiguous network of Sn grains (Fig. 14a) . Individual grain sizes were less than 1.0 lm (Fig. 14b) . This pre-coalescence structure is characteristic of the early stages of thin film deposition. 23 The FIB cross-section is shown in Fig. 14c . The Pt layer, which is deposited during the FIB milling process, signifies the gaps between the Sn ''islands''. Images such as Fig. 14a confirmed that the Sn grain networks were interconnected over significant distances. The degree of interconnectivity could vary between different film depositions. The elevated temperature conditions did not cause coalescence in the Sn films until 150°C. Even then, the gaps were not entirely eliminated from the coatings.
The SEM image in Fig. 15a shows the surface of the 0.5-lm-thick film. The SEM photograph in Fig. 15b is of a FIB cross-section. Similar SEM images are shown in Figs. 16, 17 , and 18 that document the 1.0-lm, 2.0-lm, and 4.9-lm Sn films, respectively. Two observations were drawn from these images. First of all, the surface SEMs show that all of the films have a similar range of grain sizes in the plane of the substrate with the exception of the 0.25 lm thick layers. A qualitative assessment is listed, below: 0.25 lm thick; £1 lm 0.5 lm thick; <1 lm to 3-3 lm 1.0 lm thick; <1 lm to 3-4 lm 2.0 lm thick; <1 lm to 3-4 lm 4.9 lm thick; 1 lm to 5 lm Therefore, it was expected that the DRX and longrange diffusion mechanisms would depend primarily upon film thickness. Mathematically, film thickness replaces grain size as an independent variable in Eqs. 2 and 3. The second observation, which is based upon the FIB cross-sections, is that all the Sn films exhibited a columnar structure. Also, FIB cross-sections did not identify defects or other artifacts that would obviously affect either DRX or long-range diffusion behavior in these film thicknesses.
Assessment of Long Whiskers, Hillocks, and Depleted Zones
Long Whiskers Table I describes long whiskers as a function of film thickness and test conditions. The 1.0 lm, 
Validation of the
, ''T'' datum was lost (gray box). The 0.25-lm films exhibited long whiskers only at 120°C, but not consistently so. The ''bi-color'' boxes in ''C'' and ''N'' resulted from duplicate sample sets having slightly different surface morphologies, despite the same deposition process steps. The more fragmented network (e.g., Fig. 14) had an absence of whiskers. The second sample set had a slightly more contiguous network structure; it developed long whiskers. At this thickness, relatively small differences of film structure had a noticeable effect on long whisker growth.
The SEM images in Fig. 19 illustrate the whisker configurations that developed on the more contiguous 0.25-lm Sn film (120°C). Each whisker had a hillock at its base. The whisker formed initially, followed by the hillock. It is unlikely that the whisker would form on a pre-existing hillock since the latter already underwent DRX. The transition from a whisker to a hillock implies a loss of grain boundary pinning. The length of the whiskers (about 30 lm) and hillock size illustrate the magnitude of mass transport that was achieved within the very thin Sn film.
The 0.25 lm films also exhibited small-scale growths at 60°C that are shown in Fig. 20 (9 days; no-load). There are faceted grains forming out of the film surface. Those grains are smaller than the nominal grain size, which suggests that they developed through recrystallization activity. The recrystallized grains are accompanied by small whiskers that are less than 100 nm in diameter so they are transparent to the SEM secondary electrons.
The 0.5-lm-thick films exhibited the greatest prevalence of whisker development. At 35°C, long whiskers were absent. Instead, recrystallized grains and thin whiskers were formed similar to those in Fig. 20 . Long-whiskers developed under the remaining temperature conditions, an example of which is shown in Fig. 21 (60°C; 9 days; no-load).
Each whisker was not accompanied by a hillock at its base, indicating the persistence of grain boundary pinning. The presence of whiskers under the ''no-load'' and tensile load conditions indicated that whisker growth was insensitive to the magnitude of EQPS contributed by the applied load. This observation was confirmed for all remaining test data. At 150°C, the whiskers had become hollow and were accompanied by depleted zones. This behavior is discussed later on.
Whisker growth from the 1.0-lm films was somewhat more intermittent with temperature (Table I ). The long whiskers appeared very similar to that in Fig. 21 , including the absence of hillocks. Table I . Long whiskers as a function of test temperature and film thickness Fig. 19 . SEM images show a long whisker that developed from a 0.25-lm Sn film exposed to 120°C (9 days; 500 g compression).
The 2.0-lm-thick films did not exhibit long whiskers at temperatures less than 150°C. Instead, the Sn thin films were covered only with short, stubby whiskers (Fig. 22) . Hillocks were absent. These short, stubby whiskers, which appeared at all temperatures except 35°C, represented the loss of driving force that led to continuous DRX.
Long whiskers grew simultaneously with short, stubby whiskers at 150°C. An example is shown in Fig. 23 . Hillocks were absent from the long whisker base. There was not an ''intermediate structure'' between the short, stubby whiskers and long whiskers, indicating a relatively sharp cut-off between continuous and cyclic DRX behaviors, respectively. This delineation is in contrast to the gradual change expected when a thermally activated mechanism such as creep (physical extrusion) or long-range diffusion was the rate-controlling phenomenon.
The 4.9-lm-thick films showed short, stubby whiskers, but to a lesser degree than did the 2.0-lm films. However, at 150°C, broad whisker-like structures appeared on the surface (see Fig. 24 ). The FIB cross-sections confirmed them to be of a single grain. Their widths of 5-10 grains caused the structures to be defined as hillocks. The 4.9-lm Sn films proved to be the thickness above which long whiskers would not grow under any of the test conditions.
Next, general trends were compiled from the data in Table I . First, the development of long whiskers was not a consistent function of the applied load for any film thickness or temperature condition. Furthermore, in those samples that exhibited whiskers, they were distributed across the wafer surface, regardless of the strain profiles derived from the applied load. These observations confirm that the magnitude of EQPS resulting from the 500-g load in Fig. 12 , regardless of whether tension or compression, represented a lower limit at, or below, which it is too small to significantly affect the cyclic DRX.
Secondly, long whiskers developed over a relatively limited range of film thicknesses. Their formation was very minimal in the 0.25-lm Sn films likely due to the non-contiguous structure. Whiskers were most prevalent in the 0.5-lm and 1.0-lm layers. Then, activity dropped off sharply in the 2.0-lm films and was absent entirely from the 4.9-lm Sn coatings. Because the model predicted that all Sn film thicknesses experienced the same EQPS at a given temperature, this trend implies that film grain size and specifically, thickness, controlled whisker formation.** Film thickness can impact whisker growth by three potential scenarios: (1) decoupling the film from the substrate; (2) altering the long-range diffusion mechanism; or (3) the grain size effect on DRX per Eq. 2. Each of these points is explored, below, referring to Table I. Addressing scenario (1), a review of FIB crosssections showed excellent adhesion between the Sn films, Cr adhesion layer, and the Si wafer at all thickness. Only in the case of the 0.25-lm film and its non-contiguous network structure ( Fig. 14a and b) could the Sn layer be decoupled, mechanically, from the Si wafer. That decoupling reduced the EQPS generated by the applied load or CTE mismatch, which explains the observed absence of long whiskers under that extreme microstructure.
In the case of scenario (2), SEM images and FIB cross-sections confirmed that all film thickness did not exhibit artifacts that would obstruct diffusion. Even the 0.25-lm-thick films had whiskers (and hillocks) that confirmed the grain boundaries within the contiguous network paths could support longrange diffusion. Scenario (2) was not responsible, explicitly, for the long-whisker pattern in Table I .
Scenario (3) provides the more likely, although still incomplete, explanation for the drop-off of long whisker development (DRX) with the 2.0-lm and Fig. 20 . SEM images show recrystallized grains and thin whiskers that formed on a 0.25-lm film exposed to 60°C (9 days; no-load). Fig. 21 . SEM photograph shows a long whisker that grew from a 0.5-lm film (60°C; 9 days; no-load). **Therefore, when reference is made to Eqs. 2 and 3, the D o implies grain size or film thickness.
Validation of the Dynamic Recrystallization (DRX) Mechanism for Whisker and Hillock Growth on Sn Thin Films 4.9-lm films in Table I . Referring to Eq. 2, the decrease of DRX with the 2.0-lm and 4.9-lm films would be attributed to an increase of e c . In the case of the 2.0-lm films, the highest temperature of 150°C compensated for the larger grain size through the Z parameter, thereby allowing DRX to initiate and form long whiskers. However, the 150°C temperature could not overcome the grain size effect for the 4.9-lm-thick films.
The presence of short, stubby whiskers indicates that the driving force for DRX was not completely absent from the two thicker Sn films. The 2.0-lm film and, to a lesser extent the 4.9-lm film, could still support continuous DRX. Therefore, the relationship between D o and D r , as expressed by Eq. 3, was contributing factor to the trends observed in Table I . Further evidence of the role of Eq. 3 awaits the analysis of hillocks.
The third trend documented in Table I is a general decrease of long whisker activity at T < 60°C and its absence at 25°C. This behavior, which transcended all film thicknesses and applied loads, was the one circumstance whereby long-range diffusion impacted whisker development due to the decrease of thermal activation at the low temperatures.
Hillocks
Hillock behavior is presented in Table II . The 0.25-lm-thick films developed hillocks consistently at temperatures of 100°C and greater. The single grain structure was shown by the FIB cross-section in Fig. 4 . Hillocks did not form in the 0.5-lm films. It was noted above that the long whiskers, which were prevalent in these films, were not accompanied by a hillock at their bases. Large hillocks formed in the 1.0-lm-thick films at temperatures greater than, or equal to, 100°C (see Fig. 25 ). Hillocks were not observed in the 2.0-lm-thick Sn films at any of the temperatures. Hillocks were observed in the 4.9-lm films, but only at 150°C (Fig. 24) .
Several trends were noted in Table II . First, hillock formation was most strongly dependent upon film thickness (grain size). Secondly, hillock formation was not dependent on applied load (as such, . SEM image shows a long whisker that grew from the 2.0-lm film at 150°C (9 days; no-load). Fig. 24 . SEM photograph shows the ''whisker-like'' hillocks observed on 4.9-lm films exposed to 150°C (9 days; no-load).
position on the wafer). Third, hillocks were absent at the lowest temperatures of 35°C and 60°C, regardless of film thickness, and likely attributable to the decreased thermal activation of long-range diffusion. Aside from specific details, these behaviors are similar to those observed for long whiskers (Table I) , thereby lending further evidence that both phenomena stem from the same DRX plus long-range diffusion mechanisms.
DRX Model Applied to the Long Whisker and Hillock Data-Qualitative Analysis
This analysis combines the trends observed in Table I (long whiskers) and II (hillocks). Long whiskers and hillocks are manifestations of the same cyclic DRX mechanism. The distinguishing factor is grain boundary pinning. Grain boundary pinning was largely absent from 0.25-lm films because hillocks were the most prevalent phenomenon. The unique network structure of the 0.25-lm layers reflected a high energy, non-equilibrium condition. The film ''system'' strove for equilibrium by preferably reducing surface and interface energy at the expense of creating more strain energy within the film, which could then support DRX. 24 This scenario was confirmed by Murakami and Kuan who observed whisker and hillock development, which is due to an increased strain energy, coincide with normal grain growth, which is caused by decreasing interface energy, during the relaxation of 0.20-lm Pb films heated to 37°C, 47°C, and 57°C. 25 The 0.25-lm Sn films lacked grain boundary pinning so that cyclic DRX was manifested as hillock formation.
The presence of only long whiskers indicated that grain boundary pinning was present exclusively in the 0.5-lm films. Pinned and non-pinned boundaries allowed long whiskers and large hillocks to both form on 1.0-lm films. Other than thickness, the 0.5-lm and 1.0-lm films had no particular microstructural artifacts that would predict these different trends.
Thompson noted that grain boundary pinning in thin films is a function of a relationship between grain size and film thickness. 12 The so-called ''specimen thickness effect'' predicts grain growth in the plane of the film when the grain diameter, d, is less than the film thickness, h. In-plane growth slows to a stop when d % h. The FIB cross-sections of 0.5-lm films indicated that, in general, d > h (Fig. 15b) . So, there would be little driving force for in-plane growth; the result is grain boundary pinning and the observed prevalence of long whiskers over hillocks. At a film thickness of 1.0 lm, there was an increased likelihood for grains to have d < h (Fig. 16b) , which prefer in-plane grain growth. In fact, Fig. 16b shows the simultaneous presence of d < h and d > h conditions, which supports the observation of both long whiskers and hillocks on 1.0 lm films. Fig. 25 . SEM images shows a hillock on the 1.0-lm films exposed to 100°C (9 days; 500 g compression).
Validation of the Dynamic Recrystallization (DRX) Mechanism for Whisker and Hillock Growth on Sn Thin Films
The 2.0-lm and 4.9-lm thick films experienced a sharp decline of both long whisker and hillock formation over the temperatures of 35°C-120°C. The driving force for DRX was reduced by the larger grain size per Eq. 2. However, DRX was not completely eliminated; rather, continuous DRX occurred that allowed the formation of short, stubby whiskers. Although the 2.0-lm films had grains that also met either d < h or d > h conditions (Fig. 17b) , there was an unexplained preference that, when cyclic DRX did occur at 150°C, it took place in the pinned grains (d > h), causing long whiskers to prevail over hillocks.
The 4.9-lm films exhibited a columnar grains that met the d < h condition (Fig. 18b) . When cyclic DRX was favored at 150°C through Eq. 2, an absence of grain boundary pinning favored the formation of hillock structures (Fig. 10) .
The above analysis provides a qualitative correlation between the empirical data in Tables I and II , and the proposed DRX plus long-range diffusion mechanisms.
DRX Model Applied to the Long-Whisker and Hillock Data-Quantitative Validation
The data in Tables I and II were combined into a  single table, Table III , that represents cyclic DRX, as a whole. If either long whiskers or hillocks were present in at least one of three load conditions of Tables I and II, respectively, the Table III box was given a green color. If both phenomena were completely absent, the box was colored red. The white dashed construct qualitatively indicates the boundary of cyclic DRX. The short stubby whiskers present in the 2.0-lm film, and to a lesser extent in the 4.9-lm films, indicated continuous DRX. Although not counted as cyclic DRX, continuous DRX was a part of the discussion. Table III illustrates the strong occurrence of cyclic DRX in the 0.5-lm and 1.0-lm films and its decreased presence in the 2.0-lm and 4.9-lm coatings. This trend provided the test condition to quantitatively validate the DRX model. The validation used Eq. 2 and computational model predictions of strain and strain rate. Film thickness represented grain size, D o .
The analysis begins by considering the transition of apparent activation energy, DH, at a strain rate of 10 À7 s À1 . The value of DH is 8 kJ/mol at strain rates less than 10 À7 s À1 and 65 kJ/mol for strain rates exceeding 10 À7 s
À1
. Using Eq. 2, the critical strain (e c ) was calculated as a function of temperature and film thickness for a strain rate equal to 10 À7 s À1 . Two sets of e c calculations were made, each using one of the two DH values. The results are plotted in Fig. 26 . The two calculations are indicated by the ''DH = 65 kJ/mol'' curves (dashed lines) and the ''DH = 8 kJ/mol'' curves (solid lines). The symbols designate the film thicknesses. A strain rate that is faster than 10 À7 s À1 would generate a new set of critical strain curves using 65 kJ/mol in Eq. 2. Those curves would be above the ''DH = 65 kJ/mol'' curves in Fig. 26 . A strain rate less than 10 À7 s
would create a new set of ''8 kJ/mol'' critical strain curves that would be below the ''DH = 8 kJ/mol'' curves in Fig. 26 . Next, the computational model was used to calculate the anelastic strain (EQPS) due to creep at each test temperature. Since EQPS was not sensitive to: film thickness; location within the film thickness; or position on the wafer, the model was executed using these selected conditions: (1) 4.9 lm thickness; (2) top surface; (3) no-load; and (4) the 4.0-mm position. Strain rate is not constant during creep relaxation. It was necessary to separate the EQPS into the component that occurred at strain rates greater than 10 À7 s À1 and the remaining EQPS that accumulated at rates less than 10 À7 s À1 . The assumption was made that the DRX behavior that occurs within the 65-kJ/mol regime (fast strain rate) is independent of that which takes place in the 8-kJ/mol regime (slow strain rate). And thus, for cyclic DRX to take place in either regime, strain must satisfy the requirement that e > e c where e c is defined for that strain rate regime.
The evidence supporting the above assumption stemmed from the study of Gottstein who examined Cu single crystals undergoing creep (0.6T m < T < 0.9T m ). 26 The author determined that DRX was not sensitive to prior creep deformation. Gottstein further substantiated this insensitivity by demonstrating the similarity of DRX behaviors, whether the data were obtained by creep tests or by constant strain rate tests, which are certainly different deformation paths. He concluded that the controlling factor is strain rate, much as is the axiom in the present analysis. Lastly, Gottstein concluded that these principles of DRX behavior applied equally to polycrystalline materials.
The EQPS predicted by the model at each temperature was separated into the two strain rate regimes and plotted as the red lines in Fig. 26 . The dashed line is the EQPS that accumulated at strain rates of >10 À7 s À1 . The arrow implies that the strain contribution drops to effectively zero at temperatures of less than 60°C. The solid red line represents the EQPS that built up at strain rates of <10 À7 s
. The analysis of Fig. 26 proceeds as follows. At temperatures of less than 80°C, the dashed red line is well below the associated e c curves, indicating that e < e c . Therefore, the strain contribution at >10 À7 s À1 is insufficient to support DRX at any film thickness. On the other hand, the strain accumulated at strain rates of <10 À7 s À1 is above (albeit, barely) the e c curves so that e > e c is satisfied and DRX is likely to take place at temperatures less than 80°C. In the latter case, the likelihood for DRX is greater in the thinnest films, which coincides with the trends observed in Table III (with the noted exception of the 0.25 lm film).
The 80-125°C temperature range is examined next. The strain experienced at strain rates >10 À7 s À1 increased significantly. Meeting the criterion of e > e c for DRX depended strongly upon film thickness. The thinner films (0.25-1.0 lm) meet the criterion and would support DRX (whiskers and hillocks). The thicker films, 2.0 lm and 4.9 lm, were less likely to experience DRX at this strain rate. The strain that accumulated at strain rates <10 À7 s À1 , which decreased slightly with temperature, would be predicted to support DRX, but more so in the three thinnest films and less likely so for the 2.0-lm and 4.9-lm films.
The above 80-125°C analysis corroborates the data in Table III . Long whiskers and hillocks appeared on 0.25-to 1.0-lm films because both strain rate regimes were capable of generating sufficient anelastic strain to meet the respective e > e c criteria. In the case of the 2.0-lm films, e > e c , but only marginally so that long whiskers and hillocks were absent from Table III. The 4.9-lm films did not exhibit long whiskers and hillocks because e < e c and e % e c for the high and low strain rate regimes, respectively. However, continuous DRX occurred in both films as indicated by the formation of short stubby whiskers.
The temperature range of 125-150°C is predicted to support DRX for all of the films. In the case of the thinner films of 0.25-1.0 lm, the e > e c criterion was met under both strain rate regimes and cyclic DRX was observed in Table III . As for the 2.0-lm and 4.9-lm films, long whisker and hillock were more likely to develop at 150°C due to strains contributed at rates >10 À7 s À1 . These predictions also corroborated the data in Table III. In summary, a satisfactory correlation was obtained between: (1) the DRX model represented by Eq. 2; (2) the computational model predictions of strain and strain rate expressed by Fig. 26; and ( 3) the experimental data in Table III .
Importance of the Bimodal Strain Rate Regimes
The particular property that is critical to the correlation between Fig. 26 and Table III is that there are two mechanisms controlling the deformation behavior of Sn. In particular, the low DH of 8 kJ/mol allows the slow strain rate deformation (<10 À7 s À1 ) to support cyclic DRX in the films having thicknesses less than 2.0 lm and at temperatures less than 80°C. Experiments on Pb single crystals confirmed that there is not a low strain rate limit for DRX to occur; it has been observed in Pb down to 10 À9 s À1 . The criticality of having two strain rate regimes, and the nearly order-of-magnitude difference in critical strains, was tested in the following analysis. Critical strain computations were made using a single, ''average'' DH of 35 kJ/mol. 2 There would be only one set of e c curves, which would be located between the two existing curve sets in Fig. 26 . A different format was used to explore this point, which is presented by the graphs in Fig. 27 . The computational model predictions of EQPS were plotted as function of strain rate for two film thicknesses: 1.0 lm (Fig. 27a ) and 2.0 lm (Fig. 27b) . Recall that 1.0-lm films exhibited cyclic DRX (Table III) , while the 2.0-lm films did not experience cyclic DRX (except at 150°C). The EQPS is represented by the black and gray curves (solid or dashed) for the temperatures: 60°C, 100°C, 120°C, and 150°C. Also plotted on the two graphs are the critical strains, e c , calculated by Eq. 2, for the same four temperatures. The critical strains are shown by the colored curves and solid symbols.
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The interpretation of the graphs in Fig. 27 is exemplified by using the 60°C plot in Fig. 27a  (1.0 lm) . The EQPS is represented by the black solid line. Following the black arrows, strain rate decreases with increasing strain as expected from creep relaxation. The blue curve, which represents e c for 60°C, follows the blue arrows, right-to-left, because it decreases with decreasing strain rate per Eq. 2. The two curves cross at the yellow circle. At faster strain rates to the right of the yellow circle, EQPS is less than e c and cyclic DRX would not occur in the Sn film. At slower strain rates to the left of the yellow circle, EQPS is greater than e c and cyclic DRX would take place. The same interpretation applies to the other temperatures, as well as to the data in Fig. 27b for the 2.0-lm film.
The critical finding made from the plots in Fig. 27 is that, when considering the temperatures of 60°C and 150°C that are the limiting cases in the present study, there is little difference in the positions of their crossing points (yellow circles) between the 1.0-lm and 2.0-lm film. That is, a single DH of 35 kJ/mol did not result in sufficiently different cyclic DRX behaviors to correlate with the distinct trends in Table III . The dual-regime, creep behavior predicts the change of cyclic DRX between the 1.0-lm and 2.0-lm Sn films observed in Table III .
Three Criteria that Determine Thin Film Behavior
The correlation between Table III and Fig. 26 was considered ''satisfactory'' at this point because it was based on only one criterion, Eq. 2, which establishes only the likelihood that DRX will occur, at all. In fact, there are three criteria. The second criterion is based on Eq. 3, which establishes the likelihood that DRX will be cyclic. This equation stipulates that DRX would continue until D o satisfies D o % 2D r . The greater the difference between D o and 2D r , the greater the likelihood that DRX can become cyclic. Sakai and Jonas observed that, when D o is equal to or exceeds 2D r , it is still possible for continuous DRX to take place under the limited driving force. 15 The second criterion is applied to whisker and hillock growth in the following manner. The conservative assumption was made that, in the case of long whiskers, D r is the whisker diameter. The D r is not the whisker length since the latter is an atypical manifestation of both the pinning process and long-range diffusion supplying material to the grain (Fig. 1d) . Long whiskers had diameters of 1.0-1.5 lm; so, the value of 2D r is 2.0-3.0 lm. Therefore, there is ample margin between D o and 2D r for cyclic DRX to form long whiskers in the 0.25-to 1.0-lm films as shown in Table I . The 2.0-lm films are a borderline circumstance; conditions only became favorable at 150°C. Moreover, the short, stubby whiskers confirmed the premise by Sakai and Jonas that continuous DRX could still take place. The 4.9-lm films would be unlikely to form long whiskers, which was also confirmed by Table I . In the latter case, continuous DRX also occurred, but to a very limited extent.
Hillocks represent the second form of cyclic DRX vis-à -vis Eq. 3. Their maximum dimensions are 7-10 lm so that, 2D r would be 14-20 lm. Therefore, all film thicknesses could potentially form hillocks per Eq. 3, but under the stipulation that they meet the first criterion-Eq. 2. But, even when Eq. 2 was satisfied, hillocks were not always observed-e.g., 0.5-lm films in Table II -because there is a third criterion.
The third criterion originates from the thin film nature of the Sn coatings. It is based upon the relationship between grain diameter, d, and film thickness, h, which controls grain boundary pinning. The FIB cross-sections indicated that d > h for the 0.25-lm and 0.5-lm films (Figs. 14c and 15b , respectively). The tendency is for the grains to refrain from lateral growth when d > h, which appears as grain boundary pinning. Pinning encourages long whisker over hillocks as observed for 0.5-lm films when comparing Tables I and II. (Again, the 0.25-lm film represents a special case because its non-equilibrium structure caused a driving force that favored hillocks.) The 1.0-lm films exhibit both d % h or d < h conditions (Fig. 16b) , resulting in both long whisker and hillock formation as is reflected in Tables I and II. The 2.0-lm films also exhibited both d % h or d < h conditions, more so the latter (Fig. 17b) . The d versus h criterion was less critical because the films only satisfied Eq. 2 at 150°C. The observation of a few long whiskers at this extreme temperature suggest that cyclic DRX was preferred in the (pinned) grains that satisfied d % h. The only growth on the 4.9-lm films were hillocks at 150°C (Table II) , which would be predicted by the d < h condition that encourages lateral grain growth in these films.
In summary, the three criteria form a hierarchy of conditions that can be applied to predict long whisker versus hillock growth. First and foremost, Eq. 2 determines the likelihood for DRX to occur at all (Fig. 26) . Assuming that DRX can take place, the second criterion is Eq. 3, which determines whether DRX will be cyclic, which is required to form either phenomena. Lastly, assuming that there is a driving force for DRX and the latter is cyclic, the ''thin film'' criterion of d versus h determines the prevalence for grain boundary pinning and whether DRX creates long whiskers (pinning present) or hillocks (pinning absent).
Depleted Zones
The depleted zone observations are shown in Table IV . Depleted zones were observed in every film thickness at temperatures greater than, or equal to, 100°C. Their occurrence decreased at 60°C and 35°C and more so for the thinnest (0.25-lm) and thickest (4.9-lm) Sn coatings. The trends of depleted zones, and where they overlap the behaviors of whiskers and hillocks, are discussed below.
The formation of the depleted zone begins as Sn diffuses from the vertical grain boundaries, causing the latter to widen to the substrate surface below. Then, the Sn loss progresses laterally as material is removed from the center grain as well as from surrounding grains, thereby widening the depleted zone.
The number and size of the depleted zones were not sensitive to the applied load, but they were dependent on film thickness. In the case of films thinner than 1.0 lm, a large proportion of the Sn (Fig. 6b) . When the films are 1.0 lm or thicker, a greater quantity of Sn is lost at the initial grain boundary widening step. There is less lateral growth under the driving force, resulting in a large number of small depleted zone comprised of only a few grains (Fig. 6a) .
Depleted zones are created by the removal of Sn from a localized region and then its dispersal throughout the film. The opposite process occurs for whiskers and hillocks. Clearly, both phenomena rely upon long-range diffusion. Whiskers (and hillocks) are also similar to depleted zones because both depend upon stress, but not in the same manner. In the case of whiskers and hillocks, the strain energy generated by the stress drives the DRX mechanism as discussed above. Depleted zones are not based on DRX. Rather, the driving force is explicitly the tensile stress and is similar to the mechanism responsible for stress voiding in microcircuit lines. 27 This difference in mechanism caused the lack of a strong correlation between Table IV  versus Tables I and II. A scenario was developed for the source of the tensile stress. Depleted zones were not a function of the 500-g applied load. They were expected to form at elevated temperatures because the CTE mismatch creates compressive stresses in the Sn layer. However, the computational model indicates that the compressive stresses relax very quickly-e.g., only several hundred seconds at 60°C and under much shorter intervals at higher temperatures.
(The anelastic strain persists after relaxation to drive DRX.). This behavior implies that there must be a stress reversal to generate the tensile stress needed to form depleted zones.
There are two potential sources of tensile stresses: (1) the CTE mismatch that places the Sn film into tension upon cool down or (2) an in situ stress reversal at temperature. The evidence to the contrary of (1) begins with the rapid cool-down (couple of minutes) to room temperature where long-range diffusion activity slows considerably. There would be very little opportunity for depleted zones to form under such a short interval. Secondly, the presence of deplete zones is sensitive to film thickness at T £ 60°C, which is not expected if the uniform tensile stress (which is not filtered by DRX nor sensitive to film thickness per the constitutive model) is solely responsible for them. These points suggest that depleted zones formed under stress reversal at temperature.
Additional evidence that the stress reversal occurred at temperature comes from hollow whiskers that formed on 0.5-lm films exposed to 150°C (9 days). A representative case is illustrated by the SEM image in Fig. 28a . The inset picture shows the whisker at higher magnification. Figure 28b is an SEM image of the FIB cross-section made through the depleted zone and the whisker showing the latter to be hollow. An oxide layer was all that remained of the whisker. The depleted zone was also covered by an oxide layer, which supported the whisker shell. Hollow whiskers have been observed, previously. 21, 23 The following steps formed the hollow whiskers based on the SEM images. First, there was the formation of the long whisker and simultaneously, growth of the oxide layer on the Sn surfaces. Then, there was a reversal of the local stress from compressive to tensile that caused the Sn atoms to diffuse away, leaving the oxide shell of the whisker and the depleted zone. The whisker was not created by Sn atoms that originated from the depleted zone. Otherwise, it could not have become hollow because the depleted zone would have removed any path by which the whisker's atoms could escape into the remaining Sn film. The fact that the local whisker microstructure was particularly susceptible to the stress reversal, when combined with the lack of formation of hollow whiskers in the 1.0-lm and 2.0-lm films at 150°C, lent further evidence that the CTE mismatch tensile stresses due to at cool down were not a likely source for hollow whiskers or the more general phenomenon of depleted zones.
Stress changes have been observed during the deposition, as well as post-deposition annealing, of thin films. [28] [29] [30] In addition, Vayrette et al. observed that residual stresses in annealed Cu films are sensitive to film thickness and, moreover, values that were similar to those of the present study. 31 In general, stress changes can be expected to be more prevalent at higher temperatures, but not necessarily in a manner that is not always predicted based only on thermal activation. 31, 32 Two similarities emerged from a comparison between Tables III and IV . First, cyclic DRX and depleted zones decreased at temperatures less than approximately 60°C. The overall trend reflects the increased impact of reduced thermal activation on the long-range diffusion processes of both behaviors. (In the case of cyclic DRX, the contributing role of temperature explicitly on e c , through Eq. 2, is negligible at these values.)
Secondly, both phenomena showed the greatest drop off in activity for the 0.25-lm as well as 2.0-lm and 4.9-lm films. In the case of the 0.25-lm films, the non-contiguous microstructure could have been contributed to a lower tensile stress.
The diminishment of cyclic DRX and depleted zone activities for the 2.0-lm and 4.9-lm Sn coatings were due to their film thicknesses. It was noted in the review of Hu et al. that there was not a strong dependence of stress driven voids on the in-plane grain size. 27 However, the present study indicated that film thickness affects depleted zone size and number as noted above. Recall that the growth sequence of depleted zones begins with widening of the grain boundaries. If the rate kinetics are slowed at the lower temperatures of 35°C and 60°C, the thicker films may not get beyond that initial stage, resulting in depleted zones that are too premature to be recorded as such in the analysis. This scenario is exemplified by the SEM photographs in Fig. 29 . The images show the incomplete development of depleted zones in 4.9-lm films at 60°C (9 days; 500 g tension).
In summary, the analysis of the depleted zones provided additional insight into the phenomenon itself, including the stress conditions responsible for them. But, more importantly, the depleted zones further substantiated the premise that long-range diffusion was active throughout all Sn films, regardless of thickness. Thermal activation effects only became noticeable at T < 60°C.
CONCLUSION
1.
A study was performed to validate the dynamic recrystallization (DRX) mechanism, which, together with long-range diffusion, establishes a first-principles model for whisker and hillock growth from thin films. 2. The test specimens were Sn films of thicknesses 0.25 lm, 0.50 lm, 1.0 lm, 2.0 lm, and 4.9 lm that were evaporated on Si wafers. 3. Annealing temperatures were 35°C, 60°C, 100°C, 120°C, and 150°C and a single time duration of Validation of the Dynamic Recrystallization (DRX) Mechanism for Whisker and Hillock Growth on Sn Thin Films 9 days. All annealing was performed in air. A load was applied to the test specimens that placed the Sn coating into compression or tension. The no-load condition was included in the test matrix. 4. The stresses and strains were primarily a result of the thermal expansion mismatch between Sn and Si and secondarily, due to an applied load. A computational model was used to predict the anelastic strain and strain rates based on the constitutive behavior of 95.5Sn-3.9Ag-0.6Cu (wt.%) as a surrogate for Sn. 5. The presence or absence of long whiskers, hillocks, and depleted zones were recorded from the samples. 6. The cyclic DRX mechanism and, in particular, whether long whiskers or hillocks were formed, was validated by comparing the empirical data against the three hierarchal requirements:
a. DRX to occur at all: e c = A D o m Z n , b. DRX to be cyclic: D o < 2D r , and c. Grain boundary pinning (thin films): h versus d.
7. Continuous DRX took place in the 2.0-lm and 4.9-lm films that resulted in short stubby whiskers. 8. Depleted zones, which resulted solely from a tensile stress-driven diffusion mechanism, confirmed that the long-range diffusion process was prevalent and did not control whisker or hillock formation other than a small loss of activity by reduced thermal activation at the lower temperatures (T < 60°C).
